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Abstract. As we use complex systems with one shot items in many technical
applications we need to know basic characteristics of such a system. Performance,
safety and others are as much important as dependability measures. As the one shot
item is supposed to back up the main system function the total reliability of the
system should be higher then. The paper will present a theoretical approach to
determining the complex system task/mission success probability rather than a
theoretical approach to determining the dynamic reliability (operational
availability), and then a practical example.
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Streszczenie: Jelikoz pouzivame slozité systémy s prvky jednorazového pouziti v
mnoha technickych aplikacich, potfebujeme znat zakladni charakteristiky takovych
systétml. Vykon, bezpefnost a ostatni jsou stejn¢ dilezité jako vlastnosti
spolehlivosti. Z divodu predpokladu toho, ze prvek jednorazového pouziti ma
podporovat hlavni funkci systému, ptedpokladame, ze celkova spolehlivost
systému bude potom vétsi. Tento piispévek prezentuje teoreticky pfistup k
hodnoceni pravdépodobnosti uspéchu splnéni ukolu/mise spolu s teoretickym
pristupem pro stanoveni dynamické bezporuchovosti (provozni pohotovosti) a také
prakticky priklad.

Stowa kluczowe: Hodnoceni bezporuchovosti a pohotovosti, Dynamické
charakteristiky, Prvky jednorazového pouziti
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CONTRIBUTION TO AVAILABILITY ASSESSMENT OF
COMPLEX SYSTEMS WITH ONE SHOT ITEMS

1. Introduction

This contribution is supposed to contribute to a solution of dependability
qualities of the complex (in this case) weapon system as an observed object.
We would like to show one of the ways how to specify a value of single
dependability measures of a set. The aim of our paper is to verify the
suggested solution in relation to some functional elements which influence
fulfillment of a required function in a very significant manner. [4]

The paper contents deals with a weapon set which is a complex
mechatronics system, designed and constructed for military purposes. We
are talking about a barrel shooting gun — a fast shooting two-barrel cannon.
It is going to be implemented in military air force in particular.

Generally speaking the set consists of mechanical parts, electric, power and
manipulation parts, electronic parts and ammunition. For the purpose of use
in our paper we are not going to deal with isolated functional blocks and
ammunition only. In this case we consider the ammunition as the key
element in the whole process as recommended standardized rounds and
pyrotechnic cartridges.

Single parts of the set can be described with qualitative and most
importantly quantitative indices which present their quality. In this paper we
are dealing especially with quality in terms of dependability characteristics.
We have been working first and foremost with probability values which
characterize single indices, and which describe functional range and
required functional abilities of the set. We do not focus only on the part
handling rounds and pyrotechnic cartridges which are crucial for this case.
In order to continue our work it is necessary to define all terms and specify
every function.

The main type of data which can be found in the area of dependability
statistical analysis is as follows: simple, censored, cut (reduced) data, or the
combination of it.

Simple data: It is a basic category in which the established information ti,
t2,..., ta is the random sample from probability distribution of time to failure
T.
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Censored data: The data is designated (t1, d1), ..., (tn, dn), Where ti =
min (T, C), T is a random variable determining time to failure, C is
censoring time and di is an indicator defined by the formula di = 1, if t; is
time fo failure and d; = 0 in other cases. The basic types include censoring
by fixed time (C is fixed time) and random time (C is a random variable
with given probability distribution). This type of reliability data is
frequently used in practice and it can be found in the situations where the
observing time is terminated after some time, because the system is put out
of operation, etc. Concerning laboratory tests these are the so called tests
terminated by time.

Truncated data: This is the data of the failures registered after some
time passes. In practice one can come in contact with this sort of data when
the information about failures is not put in the early stages.

Classification of statistical methods used in dependability statistical
analysis:

Parametric methods: These methods proceed from the assumption that the
observed data reflect random selection of the specific distribution type
(exponential, Weibull’s, gama, etc.). The main task then is to determine
(estimate) values of unknown parameters based on the observed data.
Non-parametric methods: ~ These methods do not take into account any
specific classification of data and they are a ‘“universal” alternative to
parametric methods (their main advantage). The main disadvantage is their
smaller power (when compared to parametric methods).

Semi-parametric methods: These methods which are a sort of
compromise between parametric and non-parametric methods require only a
“partial” specification of the distribution. A parametric model is introduced
for important variables and a non-parametric one is introduced for these of
minor importance.

2. Esential terms, definitions and signs

We are always talking about an object in terms of reliability analyses. The
definition for object is the same as the used in IEC 60500 (191/50).
Consequently we need to describe the basic object’s measures [4];

Object’s function:

The main function: The main function of the object is putting into effect a
fire from a gun using standard ammunition.

The step function: Manipulation with ammunition, its charging, initiation,
detection and indication of ammunition failure during initiation, initiation of
backup system used for re-charging of a failed cartridge.
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It is expected that the object will be able to work under different operating
conditions especially in different temperature spectra, under the influence of
varied static, kinetic and dynamic effects, in various zones of atmospheric
and weather conditions.

In this case we will not take into account any of the operating conditions
mentioned above. However, their influence might be important while
considering successful mission completion.

One of the main terms we are going to develop is:

Mission: It is an ability to complete a regarded mission by an object in
specified time, under given conditions and in a required quality.

In our contribution it is a case of cannon ability to put into effect a fire in a
required amount — in a number of shot ammunition at a target in required
time, and under given operating and environmental conditions.

As it follows from the definition of a mission it is a case of a set of various
conditions which have to be fulfilled all at once in a way to satisfy us
completely. Our object is supposed to be able to shoot a required amount of
ammunition which has to hit the target with required accuracy (probability).
We will not take into consideration circumstances relating to evaluation of
shooting results, weapon aiming, internal and external ballistics, weather
conditions and others. We will focus only on an ability of the object to
shoot. [4]

As we have stated above we will not deal with isolated function blocks only.
We are presuming that these blocks act according to required and
determined boundary conditions. In order to understand functional links
fully we introduce our way of dividing the object although we will
understand the object as a complex system in the paper.

We speak about the following blocks:

Manipulation with ammunition, its charging, initiation, failure detection and
indication during initiation, initiation of a backup system in order to
recharge a failed cartridge, all mechanical parts, all electric and electronic
parts, interface elements with a carrying device - Block A;

Ammunition — Block B;

Pyrotechnic cartridges — Block C.

Symbols used in the text:

T random variable expressing time to failure,

t,t,...,t, observed values of a random variable T (that is a random

sample of T), or data on possible censoring,
ta),tz),--- tny Ordered values t,t,,...,t, (including data on censoring),



Contribution to availability assessment of complex..... 271
Prispévek k hodnocent pohotovosti slozitych systémii.....

tao U ordered random sample of times to failure , that is, without

data on censoring,
A;(t),A%(t) cumulative hazard function or its point estimator,

R, (t),R;(t)  reliability function or its point estimator,
E[e]E*[¢] = mean value of a random variable or its point estimator,
var[e]var’[e] variance, or its point estimatore.

3. Description of the process

The process as a whole can be described this way:

From a mathematical and technical point of view it is a fulfilling of
requirements’ quee which gradually comes into the service place of a
chamber. The requirements” quee is a countable rounds” chain where the
rounds wait for their turn and are transported from the line where they wait
in to a service place (fulfilment of a requirement) of a chamber and there
they are initiated. After the initiation the requirement is fulfilled. An empty
shell (one of the essential parts of a round) leaves a chamber taking a
different way than a complete round. When the requirement is fulfilled,
another system which is an integral part of a set detects process of fulfilling
the requirement. The process is detected and indicated on the basis of
interconnected reaction processes. In this case fulfilling the requirement is
understood as a movement of a barrel breech going backwards. Both
fulfilling the requirement and its detection are functionally connected with
transport of another round waiting in a line to go into a chamber.

Let’s presume that rounds are placed in an ammunition feed belt of an
exactly defined length. A maximum number of rounds which could be
placed in a belt is limited by the length then. The length is given either by
construction limitations or by tactical and technical requirements for a
weapon set. Let’s presume that despite different lengths of an ammunition
belt, this will be always filled with rounds from the beginning to the end.
Let’s also assume that the rounds are not non-standard and are designed for
the set.

The process of fulfilling the requirement is monitored all the time by
another system which is able to differentiate if it is fulfilled or not. The
fulfillment itself means that a round is transported into a chamber, it is
initiated, shot, and finally an empty shell leaves a chamber according to a
required principle. If the process is completed in a required sequence, the
system detects it as a right one.
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Because of unreliability of rounds the whole system is designed in the way
to be able to detect situations in which the requirement is not fulfilled in a
demanded sequence and that is why it is detected as faulty.

Although a round is transported into a chamber and is initiated, it is not
fired. A function which is essential for a round to leave a chamber is not
provided either, and therefore another round waiting in line cannot be
transported into a chamber. That is the reason why fulfilling of the
requirement is not detected.

The system is designed and constructed in such a way that it is able to detect
an event like this and takes appropriate countermeasures. A redundant
system which has been partly described above is initiated. After a round is
initiated and the other steps don’t carry out (non-fire, non-movement of a
barrel breech backwards, non-detection of fulfilling the requirement, non-
leaving of a chamber by an empty shell, and non-transport of another round
into a chamber) a system of pyrotechnic cartridges is initiated. It is
functionally connected with all the system providing mission completion. A
pyrotechnic cartridge is initiated and owing to this a failed round is
supposed to leave a chamber. A failed functional link is established and
another round waiting in line is transported into a chamber.

In order to restore the main function we use a certain number of backup
pyrotechnic cartridges. Our task is to find out a minimum number which is
essential for completing the mission successfully. Next issue we are
supposed to solve is to find out the availability function of the system. We
would like to know if the system is capable to carry out next mission with
its technical/mission “history”. If the operational unit left are much enough
to complete the task successfully from the technical point of view without
any impact on terms of repair/replacement, etc. As based onto the collected
data observed from previous deployment and initial operation period of the
system we might use standard mathematical tools for their assessment. Due
to specific system construction and specific process procedure it seems to us
that another than common methods are to be applied. Following session is
the example of our effort. [4]

4. Mathematical model

Since the data on system operation and process behavior is available we use
two methods while analyzing this. The first one is the Nelson — Altsschuler
estimator [1], [2], [3]. It is a case of one of the basic non-parametric
methods which are used for statistical reliability analysis, especially while
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estimating cumulative hazard function A, (t). It is defined by following
formulae:

A; (t):jﬂ,r(u)du, 1)

where Z(t) is failure rate at the time , thus 4 (t)= lim P<T <L+h|tST)_

Let us assume that the obtained reliability data t, t, ... .t, are the information

on time to failure or time information about censoring. In this case the

Nelson-Altschuler’s (N-A) point estimator A% (t)of the cumulative failure

rate is expressed by

A ()= 3 @
J T

where t; is the i-th element of the ordered random sample of times to

failure (that is we do not include censoring times in the selection), my; is

frequency of the value t,

i) is number of objects in operation to the time t;).

If the failure occurs together with the censoring, we assume that the

censoring occurs straight after the failure. In order to estimate the variance

A (t) we use the asymptotic formula

var'[As (t)]= zm—g] (3)

through which we determine confidence limits. For (1- a6 confidence
limits of the value A% (t) we get

[A*T (t)- ulf%w/var* |A"‘T ()], A% (t)+ ulf%w/var* |A*T (t) ) , (4)

where u, IS a% a quantile of standard normal distribution.

Of course there is large variety of other non-parametric methods which are
suitable for dependability assessment based on operational data. These are
for example non-parametric renewal density estimations, renewal functions
and non-parametric trend tests.

Another method used for the system assessment is determining the
distribution of time to failure and its properties. This is the statistical test
TTT (Total Time on Test-plot) which allows us to decide whether
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distribution of time to failure is of increasing (IFR — Increasing Failure
Rate), or decreasing (DFR — Decreasing Failure Rate) failure rate. If
ta) tz)s---o () I @n ordered sample of times to failure, then the test statistic

Ug is defined as follows:

U == (5)

n,n

where Ti n= t(l) + t(2) +...+ t(i—l) + (n —i +1)[(i) .
The testing itself is based on putting the values u;, and % in the graph. In

case of the IFR distribution the graph u;, is convex , concerning the DFR
distribution the graph is concave.

5. Example of the application

The assessed failures were as follow:

a) only mechanical, software and process ones.

b) the failures resulting from shortage of redundant cycles (pyr)
The source of the data is operating data — number of cycles (shots) to failure
(mechanical, software, process cause not at all due to shortage of redundant
cycles that is pyrotechnical cartridge) regarding sixteen observed systems.

Ad a) The data used for the analysis are put in table 1, the data in red stand
for censoring by time and not the failure. Complete enumeration consists of
a number of shots to failure regarding sixteen renewed systems of the same
type (cannon). In the paper there is presented only one system how to carry
out the method. The data is arranged according to its real occurrence and is
essential for quite a few of non-parametric tests. The values are modified
owing to industrial protection. The thick blue line separates the years 2005,
2006.

Table 1: Data from system operation
Cannon ti — time to failure
1 201 339 660 512 156 |1293 2 4 2 200 798

Table 2 shows the calculation of the Nelson-Altschuler estimator of
cumulative hazard function A% (t).
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Table 2: Table of Nelson-Altschuler Estimation calculation

Risk
Event Time Failure Rate set Nelson-Altschuler Data
. . A H R D H Var
i ti i myi I DA - = = U
() 0 [i] R R R (A) 0
0,00 0,07
1-2 2 1 2 61 0,033 0 8 098 0925 1,0 10° 0,003
0,00 0,10

3 4 2 1 59 0,060 O 6 0951 0,899 10 10% 0,007

Description of the table:

Event (i) — serial number of an event (failures including possible censoring
by time).

Time tg — times to failure and possible censoring by time arranged
upwardly.

Failure [i] — serial number of the failure.

Rate mpj , Risk set rfjj — see (2) and its description.

Values in the column A(tfj) are calculated according to (2) and they are

point estimator of cumulative hazard function in the interval (t[i—l]’t[i]>' The

values D_A, H_A are relevant lower and upper limits of 95% of the
dependability interval.
The values put in the column called R(tfi) are point estimator of reliability

function in the interval (t[ifl],t[i]>. The calculation follows the well known

formula R(t)=eV,

The column ug) — the values of test statistic for TTT are calculated using (5).
Figures 1 and 2 show the course (typically stepped function) of the
estimators A% (t) and R;(t), including relevant 95% of confidence limits.

The course of the estimator of reliable operation probability R1(t) and its
95% of the confidence limits (D(t) — the course of the lower limit H(t) — the
course of the upper limit) is put in figure 1.
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Estimator of the reliability R1(t) with 95% confidence limits
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Figure 1: Reliability of the system and its 95% confidence intervals

Ad b) This time the data in table 3 contains number of cycles to failure
owing to shortage of redundant cycles, the data in red shows the information
on censoring by time. By way of demonstration there is also one system
only which is supposed to demonstrate how to carry out the method. The
values are again modified due to industrial protection.

Table 3: Data from system operation censored by lack of cycles

System | Number of main cycles to failure
1 1200 668

2299

Even in this case the NA non-parametric estimation of cumulative failure
rate A,(t)was used in order to estimate reliable operation probability . The

example of calculation results is put in table 4.

Table 4: Table of Nelson-Altschuler Estimator calculation

i) Ao(tri)) | D Ao(tr)) | H Ao(try) | Ra(tr) - D _Ro(tr) | H_Ro(tni)
76 0,0385 0,0000 0,1138 0,9623 0,8924 1,0000
149 0,0785 0,0000 0,1872 0,9245 0,8293 1,0000
236 0,1201 0,0000 0,2561 0,8868 0,7740 1,0000

The course of the estimator of the reliability function Ra(t) and its 95%

confidence limits (D(t) — lower limit, H(t) — upper limit) is put in graph 2.
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Estimator of the reliability R2(t) with 95% confidence limits
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Figure 2: Reliability of the system and its 95% confidence intervals

Last but not least, it is necessary to carry out the test which shows us
whether the courses Ri(t) and R(t).are consistent. From the operational
point of view it is important to assess the impact of both types of failures
(mechanical-software-process, or shortage of redundant cycles) they made
on the reliability of the analysed system. The courses of both reliability
functions Ri1(t) and Ro(t) are put in figure 3. Mathematically this issue is
supposed to result in a statistical test.
Ho tR(t)=R,(t) x H,:R(t)=Ry(t)

With the respect to the nature of the data the non-parametric Mantel’s test
(N. Mantel: Evaluation of survival data and two new rank order statistics
arising from its consideration. Cancer Chemother. Rep., 50, 163-170) was
selected. When we apply the test to the data described above, we come to
the conclusion that the impact of mechanical-software-process failures on
system reliability is statistically a lot higher than the impact of the failures
due to shortage of redundant cycles (pyrotechnical cartridges). This is also
the case of the modified data.
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Estimators of the reliability R1(t) and R2(t)
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Figure 3: Reliability comparation of the Ry (t) a Rz (t) functions

6. Conclusions

In the paper we wanted to shed light on evaluating quite specific technical
systems which, by all means, are present in different processes. Since they
are specific both by their construction and the way they work, then the
analysis of their properties might not be standard either. So far some ways
of finding optimum construction arrangements in order to obtain a required
level of dependability and function have been shown. The method we chose
is aimed at verifiable evaluation of the real data obtained from operation by
using appropriate methods. Both the mathematical model and the example
of a practical application together with operational data reflect the behaviour
of the real system. The graphs covering the courses help us to catch the
behaviour of the system even more precisely. On the basis of this
information it is quite easy to get reliability measures as well as availability
measures of the system where the parameter is discreet there and it is given
by a number of cycles the system performs during its function.
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gRiSPEVEK K HODNOCENI POHOTOVOSTI
SLOZITYCH SYSTEMU S PRVKY JEDNORAZOVEHO
POUZITI

1. Introduction

Tento prispévek ma prispét k moznostem feSeni vlastnosti spolehlivosti
slozitych (zbratiovych) systémli — sledovany objekt. Radi bychom
prezentovali zpusob pro specifikaci hodnoty celkové spolehlivosti
kompletu. Cilem piispévku je verifikace navrhovaného feSeni ve vztahu
k n€kterym funkénim elementim, které vyraznym zptsobem mohou
ovlivnit splnéni pozadované funkce . [4]

Prispévek se zabyva zbranovym kompletem jako komplexnim
mechatronickym systémem, ktery je navrzen a zkonstruovan pro vojenské
ucely. Hovofime o hlaviiové palné zbrani — rychlopalny dvouhlaviiovy
kanon. Predpoklad pouziti je v prostfedi vzdusnych sil.

Obecné 1ze charakterizovat, ze komplet sestdvd z mechanickych,
elektrickych, elektronickych a silovych ¢ésti a munice. Pro potieby tohoto
prispévku predpokladame, ze se budeme zabyvat pouze izolovanymi
funkénimi bloky a munici. V naSem ptipad¢ uvazujeme tedy munici jako
klicovy element sestavajici ze standardizovanych ndboji a pyrotechnickych
nabojek.

Vlastnosti jakosti jednotlivych soucasti kompletu mohou byt popsany jak
kvalitativnimi tak kvantitativnimi charakteristikami .V pfispévku se
zabyvame pifedevSim vlastnostmi spolehlivosti. Déle zdaraznujeme, ze
pracujeme pievazné s charakteristikami a hodnotami pravdépodobnosti,
které charakterizuji jednotlivé procesy a popisuji funkéni rozsah a
pozadované funkcni schopnosti kompletu. Naproti tomu se nezabyvame
pouze zachdzenim s naboji a pyrotechnickymi nabojkami jakkoliv se tato
¢ast mize zdat jako klicova. Pro dalsi praci je potfeba definovat nékteré
pojmy a specifikovat obsah funkci

Hlavnim typem dat, ktera mohou byt nalezena v oblasti statistickych analyz
spolehlivosti  jsou nasledujici: jednoduchd, censurovani, ofezana
(redukovanad), anebo jejich kombinace.
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Jednoduch4 data: jedna se o zakladni kategorii, ve které je ziskana
informace ty, to,..., th souborem rozdé¢leni pravdépodobnosti doby do poruch
T.

Censurovana data:  data jsou vyjadiena v podobé (t1, d1), ..., (tn, dn), kde t;
= min (T, C), T je ndhodnd proménna urcujici dobu do poruchy, C je
censurovany ¢as a (i je indikator definovany vztahem di = 1 v piipadé Ze ti
doba do poruchy a di = 0 v ostatnich ptipadech. Zakladni typy zahrnuji
censurovani pevnym casem (C je fixni ¢as) anebo ndhodnym casem (C je
nahodna proménna s danym rozd€lenim pravdépodobnosti). Tento typ dat
bezporuchovosti je ¢asto pouzivan v praxi a muize byt nalezen v situacich
kdy je sledovany cas ukoncen po né&jaké dobé, protoze systém je vyiazen
z provozu, apod. S ohledem na laboratorni zkousky se tato oblast nazyva
»zkouSky ukoncené casem*.

Ofezana data: Toto jsou data o poruse, kterd jsou zaznamenana po
uplynuti urcité doby. V praxi se n€ékdo muze dostat do kontaktu s takovymi
druhy dat pokud neni informace o poruchach sdélena v poc¢atecnich fazich.
Klasifikace statistickych metod pouzivanych ve statistickych analyzach
spolehlivosti:

Parametrické metody:tyto metody jsou vytvofeny na piedpokladu, ze
sledovand data odrazeji nahodny vybér specifického druhu rozdéleni
(exponencialni, Weibullovo, gama, tec.). Hlavnim tkolem je potom urceni
(odhad) hodnot neznamych parametri zalozenych na pozorovanych datech.
Neparametrické metody: tyto metody neberou Vvuavahu Zadnou
specifickou klasifikaci dat a jsou vice ,,universalni“ a jistou alternativou
k parametrickym metodam (coz je hlavni vyhoda). Hlavni nevyhodou je je
jejich mensi ,,sila* (v porovnani s parametrickymi metodami).
Smi-parametrické metody: tyto metody, které jsou jakymsi kompromisem
mezi parametrickymi a neparametrickymi metodami, pozaduji pouze
»casteCnou* specifikaci druhu rozdé€leni. Parametricky model je uveden pro
dilezité proménné a neparametricky pro proménné nizké dilezitosti.

2. Dulezité pojmy, definice a oznaceni

Ve smyslu analyz bezporuchovosti hovoiime stale o objektu. Definice
odpovidad zdroji IEC 60050 (191/50). Nasledn€ je nutné popsat zakladni
vlastnosti objektu. [4];

Funkce objektu:



282 Valis D. Koucky M.

Hlavni funkce: Hlavni funkce objektu je vystfel zbrané za wvyuziti
standardizované munice.

Vedlejsi funkce: Manipulace S munici, nabijeni, iniciace, detekce a indikace
poruchy munice b&hem inicializace, inicializace zéalozniho podplrného
systému (urceného pro prebijeni porouchaného néboje).

Ptredpoklddame, ze objekt bude schopen fungovat za riiznych provoznich
podminek obzvlast v rtiznych teplotnich spektrech, pod vlivem rtiznych
statickych, kinetickych a dynamickych podminek, v rGznych zoénach
atmosférickych a povétrnostnich podminek.

V nasem piipadé nebudeme brat do uvahy zadny z vyse uvedenych vlivi.
Naproti tomu jejich vliv mize byt velmi dalezity s ohledem na uspésné
splnéni mise.

Jeden z hlavnich pojmu, ktery dale rozvineme je:

Mise/mission: jednd se o schopnost splnit uréeny ukol objektem
Vv specifikovaném case, za stanovenych podminek a v pozadované kvalit¢.

V piipadé¢ naseho pfispévku se jednd o schopnost kanonu vystrelit
pozadovany pocet nabojl na cil v poZadovaném ¢ase, za danych provoznich
podminek a podminek prostiedi.

Tak jak je ziejmé z definice jedna se o piipad kdy komplet fungujici
Vv riznych podminkach splnil nase pozadavky ve smyslu plného uspokojeni
pozadavka.

Nas objekt ma byt schopen vysttelit pozadované mnozstvi munice a ma
zasédhnout cil s pozadovanou ptesnosti (pravdépodobnosti). Do tivahy zde
nebereme okolnosti vyhodnoceni stfelby, cileni zbran€, vnitini a vné&jsi
balistiky, povétrnostnich podminek a jiné. Budeme se soustiedit pouze na
schopnost objektu stiilet. [4]

Dale dle vySe uvedeného se nebudeme zabyvat izolovanymi funkénimi
bloky. Piedpokladdme, ze tyto bloky funguji podle pozadovanych a
stanovenych okrajovych podminek. Pro potfeby plného pochopeni
funkénich vazeb, zavadime zde jakysi zptsob rozdéleni objektu ackoliv
objekt potad vnimame jako jeden sloZity systém.

Hovotime o nésledujicich blocich:

Manipulace s munici, jeji nabijeni, inicializace, detekce poruch a indikace
béhem inicializace, inicializace zalozniho podplrného systému ve smyslu
znovu nabiti porouchaného naboje, vSechny elektrické, elektronické a
mechanické ¢asti plus rozhrani s nosicem — Blok — A;

Munice — Blok B;

Pyrotechnické nabojky — blok C.
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Symboly pouzité v textu:

T nahodna proménna vyjadiujici dobu do poruchy,
t,t,...,t, sledované hodnoty ndhodné proménné T (coZz je nahodny

vzorek T), nebo data na mozné censurovanti,
ta)st)s-- o tn) usporadané hodnoty t,t,,...,t, (véetné dat na censurovani),

s b - -- usporddany ndhodny vzorek dob do poruchy, to znamen4, bez

censurovanych dat,
A;(t),A%(t) kumulativni intenzita poruch nebo jeji bodovy odhad,

R, (t),R;(t)  funkce bezporuchovosti nebo jeji bodovy odhad,
Efe],E*[o] sttedni hodnota ndhodné proménné nebo jeji bodovy odhad,

var[e]var’[e] rozptyl nebo jeho bodovy odhad e.

3. Popis procesu

Proces lze popsat nasledovné:

Z matematického i technického pohledu se jednd o uspokojeni proudu
pozadavkd, které postupné ptrichdzeji do mista obsluhy — ndbojovéa komora.
Proud pozadavkd je v naSem ptipadé diskrétni nébojovy pas kde néboje
¢ekaji na svilj okamzik pouziti, pfi€emz jsou transportovany z Z mista fronty
do prostoru mista sluzby — ndbojové komory (splnéni pozadavku) zde jsou
potom nasledné iniciovany. Po iniciaci je pozadavek uspokojen. Prazdna
nabojnice odchéazi jinou cestou nez kompletni naboj. Jestlize je proces
uspokojen, jiny systém, schopny identifikovat tento jev, detekuje uspésné
splnéni pozadavku. Tento proces je detekovan a indikovan na bazi vzajemné
propojenych reakci. V pfipadé kandnu je uspokojeni procesu identifikovano
jako pohyb zavéru hlavné zbrané vzad. Jak splnéni pozadavkl a jejich
detekce jsou spojeny s dopravou dal§iho naboje ¢ekajiciho v linii na to, az
se dostane do komory.

Piedpokladejme, Ze naboje jsou umistény v nabojovém pasu piesné
definované délky. Tim je dano, ze maximalni délka pasu (cykld) je presné
dana a limitovana. Délka je tedy dana bud’ konstrukénimi omezenimi anebo
taktickymi a technickymi pozadavky na komplet.

Ptedpokladejme, Ze bez ohledu na délku nabojového pasu tento bude vzdy
plnén od zacatku do konce. DalSim piedpokladem je, Zze munice je
standardizovana a je navrZena pro tento komplet.
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Proces splnéni pozadavku je monitorovan jinym systémem, ktery je schopen
rozlisit zda byl pozadavek splnén nebo ne. Spravna posloupnost procesu je
popsana vyse. S ohledem na moznou poruchovost nabojl je systém pravé
vybaven dal§im systémem pro detekci porouchaného ndboje (tzn. ndboj je
dopraven do komory, je iniciovan, ale neni odpalen). Dulezitd funkce pro
opusténi naboje nabojovou komoru neni tedy uskutecnéna a proto vSechny
ostatni naboje ¢ekajici ve front¢ nemohou byt dopraveny do mista obsluhy.
Systém je jak jiz bylo feceno schopen takovou udélost detekovat a ulinit
urCita proti-opatieni. Zalozni systém (Castecné popsany vyse) je iniciovan.
Je-li naboj iniciovan, ale nendsledujic zddné dalsi kroky (zadny vystiel,
zadny pohyb zavéru vzad-tedy Zadna detekce splnéni pozadavku, neopusténi
prazdné nabojnice nabojové komory a zadny posun nového néaboje do
nabojové komory) poté je okamzité¢ iniciovan systém pyrotechnickych
nabojek. Tento podplrny systém je propojen se vSemi dilezitymi systémy,
které zajistuji splnéni mise. Poskozeny proud pozadavki je tedy obnoven a
dalsi naboj je dopraven do komory.

Pro moznost obnoveni hlavni funkce pouzivame urcity pocet podptirnych
pyrotechnickych nabojek. Nasim ukolem je stanovit minimalni mozny
potfebny pocet pyronabojek, ktery dostacuje pro UspéSné splnéni mise.
Dalsim pozadavkem je nalezeni funkce pohotovosti systému. Radi bychom
totiz veédéli, zda je systém schopen pokracovat v plnéni mise na zaklade¢ své
historie. PfedevSim nas zajima, zda jsou ,,zbyvajici“ provozni jednotky
dostate¢né pro splnéni nasledné mise bez jakychkoliv nutnych technickych
zasahti do systémy ve smyslu vymény/udrzby. Jelikoz mame k dispozici
data s predeslého nasazeni systému jsme schopni je vyhodnotit za vyuziti
matematickych nastroji. S ohledem na specifickou funkéni a konstrukéni
strukturu systému se jevi jako vhodné pouzit jiné neZ standardni metody
analyzy. Nasledujici ¢ast je ptikladem naseho snazeni [4].

4. Matematicky model

Pro analyzu dostupnych dat provozu o jeho chovéani pouZijeme dvé metody
vhodné pro jejich kvalitni zpracovani. Prvni z nich je Nelson-Altschuler
estimator [1], [2], [3]. Jedna se o ptipad zakladni neparametrické metody,
ktera je pouZita pro statistické analyzy bezporuchovosti, obzvlasté¢ pokud
hovoiime o kumulativni intenzité poruch A,(t), ktera je definovana

nasledujicim vztahem:
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A; (t):J.A,r(u)du, 1)

0
Pl<T <t+h|t<T)

h
Piedpokladejme, Ze ziskana data o spolehlivosti t, t,,...,t, jsou informace o
dobé do poruchy nebo informace o Case censurovani. V tomto piipadé je
Nelson-Altschuleriv bodovy odhad (N-A) A’(t) kumulativni intenzity
poruchy vyjadien jako:

A ()=, @

i T

f)st

kde 4 (t) je intenzita poruch v ase t, tedy A, (t)= lim

kde t;) je i-ty prvek uspotddaného nahodného vzorku dob do poruchy (to
znamend, ze nezahrnujeme censurovany ¢as do vybéru), my je frekvence
hodnoty t, 1) je pocet objektl v provozu v Case t;.

Pokud se porucha vyskytne spolu s censurovanim, piedpokladame, Ze se
censurovani objevi piimo po poruse. Pro vyjadieni rozptylu A% (t)

pouzijeme asymptoticky vyraz:
w4 % m i
var [AT (t)]z %“# ©)
t[i]ISI I

diky nému miZzeme vyjadiit konfidenéni limity. Pro (1L- a6 dostaneme
konfiden¢ni limity hodnoty A% (t):

[A*T (t)- Uy gy Jvar® |A*T )], A% (t)+ Uy gy Jvar® |A*T (t) j , (4)

kde u, je a% kvantil standardniho normalniho rozdéleni.

Samoziejmé, ze zde miZze byt velkd mnoZina moZnych vybérh
neparametrickych metod, které jsou zaloZzeny na hodnoceni spolehlivosti
zdat zprovozu. Mezi jinymi mizeme zminit neparametrické odhady
hustoty obnovy, funkce obnovy a neparametrické zkousky trenda vyvoje.
Jinou metodou pouzivanou pro hodnoceni systémi je stanoveni rozdéleni
doby do poruchy a jeho vlastnosti. Tento se nazyva statisticky test TTT
(Total Time on Test-plot), ktery umoziuje rozhodnout o tom, zda je
rozdéleni doby do poruchy a jeho intenzita stoupajici (IFR — Increasing
Failure Rate), nebo klesajici (DFR — Decreasing Failure Rate).
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Jestlize ty),t(),..., Y, Je uspofddany vzorek dob do poruchy, potom je

statistika zkousek u;) definovéana nasledovné.

U == (5)

n,n

kde T, _ t) + ) + .o by + (N =i+ D).

Vlastni testovani je zaloZeno na principu umisténi hodnot u; a % do
grafu. V pripadé rozd¢leni IFR je graf u; konvexni a v pfipadé DFR
rozdéleni je graf konkavni.

5. Priklad aplikace

Hodnocené poruchy byla nasledujici:

a) pouze mechanické, softwarové a procesni.

b) Poruchy vyplyvajici z nedostatku zaloznich cyklu (pyr)
Zdrojova data jsou informace z provozu - -pocet cykli (vystfell) do poruchy
(mechanické, softwarové, procesni nejenom z diivodu nedostatku zaloznich cykla -
pyr) od Sestnacti sledovanych kompletd.
Ad a) Data pouzitd v analyze jsou demonstrovdna v tabulce 1, Cervené
oznacena data znamenaji censurovani ¢asem nikoliv poruchou. Kompletni
pfehled sestavd z poctu vystfeli do poruchy u Sestnacti obnovovanych
systémi stejného typu (kandn). Zde uvadime pouze jeden systém pro
demonstraci metody. Data jsou sefazena s ohledem na jejich skute¢ny
vyskyt a jsou vhodna pravé ve svém poctu pro ne-parametrické testy. Data
jsou mirn€ modifikovana s ohledem na primyslové tajemstvi a tlustd modra
¢ara oddeluje roky 2005 a 2006.

Tabulka 1: Data z provozu kompletu

Kanon ti — doba do poruchy
1 201 339 660 512 156 |1293 2 4 2 200 798

Tabulka 2 znazornuje vypocCet Nelson-Altschulerova odhadu pro
kumulativni intenzitu poruchy A% (t).
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Tabulka 2: Tabulka vypoctu Nelson-Altschulerova odhadu

Udalost Cas Porucha Int. Riziko Nelson-Altschulerova Data
. . A H R D H Var
® W M my mooq DA gy ROR oy U0
0,0 0,00 0,07 1,0 0,0
1-2 2 1 2 61 33 0 8 098 0,925 00 10° 03
0,0 0,00 0,10 1,0 0,0
3 4 2 1 59 50 0 6 0951 0899 00 10° 07

Popis tabulky:

Udalost (i) — pofadové ¢islo udalosti (udalosti obsahujici mozné censurovani
Casem).

Cas t)— doba do poruchy a moZné censurovani asem sefazené vzestupné.
Porucha [i] — pofadové ¢islo poruchy.

Intenzita mgjj, mnozina rizika r(j — viz (2) a jeji popis.

Hodnoty ve sloupci A(tfi) jsou vypoéteny podle (2) a jedna se o bodové
odhady kumulativni intenzity poruchy pro interval (t[i_l],t[i]>. Hodnoty jsou
relevantni dolni a horni konfiden¢ni intervaly pro 95% spolehlivost.
Hodnota ve sloupci R(tfij) je bodovym odhadem funkce bezporuchovosti na
intervalu (t[H] ,t[i]> . Vypocet je proveden podle znamého vztahu R(t)=e V.
Sloupec ug) — je hodnota testu TTT a je vypoctena podle (5). Obrazky 1 a 2
znazorfuji priibéh funkce (typicky schodovité) odhadu A% (t) a R} (t) véetnd
95% spolehlivostnich intervali.

Pribéh odhadu pravdépodobnosti bezporuchového provozu a jeji 95%
konfidenéni intervaly D(t) — pribéh dolniho limitu a H(t) — prubéh horniho
limitu jsou uvedeny v obrazku 1. Kde reliability = bezporuchovost; Time (in
cycles) = doba v poctech cykli.
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Estimator of the reliability R1(t) with 95% confidence limits
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Obrazek 1: Bezporuchovost systému a jeho 95% intervaly spolehlivosti

Ad b) V tomto ptipad¢é data obsazena v tabulce 3 predstavuji pocet cykla
uskuteénénych az do vylerpani zaloznich. Cervené oznaGena data
predstavuji censurovani Casem. Pro demonstraci metody je zde rovnéz
uveden pouze jeden systém. Hodnoty jsou rovnéz modifikovany s ohledem
na prumyslové tajemstvi.

Table 3: Data z provozu systému censurovana nedostatkem zaloznich cyklu

System | Number of main cycles to failure
1 1200 668

2299

Také v tomto piipadé byla pouzita metoda NA neparametrického odhadu
pro kumulativni intenzitu poruch A,(t) pro uréeni pravdépodobnosti

bezporuchového provozu.

Table 4: Tabulka vypoctu Nelson-Altschulerova odhadu

i Ax(ti) | D Ao(ti)  H Ao(trp) | Ro(ti) | D Ro(tiy) | H_Ra(tr)

76 0,0385 0,0000 0,1138 | 0,9623 0,8924 1,0000

149 0,0785 0,0000 0,1872 | 0,9245 0,8293 1,0000

236 0,1201 0,0000 0,2561 | 0,8868 0,7740 1,0000
Pribéh odhadu funkce spolehlivosti Rz(t) a jejiho 95% intervald

spolehlivosti (D(t) — dolni mez; H(t) — horni mez) je uvedena v grafu 2. Kde
reliability = bezporuchovost; Time (in cycles) = doba v poctech cyklu.
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Estimator of the reliability R2(t) with 95% confidence limits

1,0 - —

0,7 LI_#Ii 2
:. T -
iy
o1 e
0,0 ——;_LE—'

0 500 1000 1500 2000 2500 3000 3500 4 000 4 500

Time (in cycles) [ ——R2®y —=—D@ HO |

Obrazeke 2: Bezporuchovost systému a jeho 95% konfidenéni intervaly

Konecné, je také potfebné provést test, ktery nam prokaze zda jsou prubéhy
R1(t) a R2(t) konsistentni. Z provozniho hlediska je nutné hodnotit dopady
obou typu poruch (mechanicko-softwarovo-procesni, nedostatek zaloznich
cykll), které maji vliv na hodnotu bezporuchovosti analyzovaného systému.
Priibéh obou funkcei spolehlivosti je uveden v obrazku 3 (Kde reliability =
bezporuchovost; Time (in cycles) = doba vpoctech cykli.).
Z matematického pohledu je mozné tento predpoklad vyjadrit statistickym
testem.
Ho tRi(t)=R,(t) x Hy:R(t)=R,(t)

S ohledem na povahu neparametrickych dat Mantelova testu (N. Mantel:
Evaluation of survival data and two new rank order statistics arising from its
consideration. Cancer Chemother. Rep., 50, 163-170) byla tato data
vyttidéna. Pokud aplikujeme tento druh testu na shora uvedend data
zjistime, ze dopad mechanicko-softwarovo-procesnich chyb na systém je
statisticky mnohem vys8i nez dopad poruch z nedostatku zaloznich cykla.
Tento ptipad plati i pro modifikovana data.

Estimators of the reliability R1(t) and R2(t)
1,0
0,9
i
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I
0,5 ;_‘24
i B
5,
5 4
0,0 : : : ‘_x?_:—“ : : : :
o 500 1000 1500 2000 2500 3000 3500 4 000 4 500
Time (in cycles) ——R1 —=—R2

Obrazek 3: Porovnani funkei spolehlivosti R; (t) a Rz (t)
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6. Zavér

V tomto prispévku jsme chtéli prezentoval piistup k hodnoceni
bezporuchovosti technicky velmi specifického systému, jehoz fungovani je
navic spojeno s mnoha rozlicnymi procesy. Jelikoz se systém specificky jak
pro svou konstrukcei tak pro zplsob ¢innosti, analyza jeho vlastnosti je také
ponékud nestandardni. Doposud byly prezentovany nékteré konstrukéni
navrhy, které jednoznatné prokazuji dosazeni lepSich vysledkl
spolehlivosti. Zvolena metoda je zaméfena na verifikovatelné hodnoceni dat
ziskanych z provozu. Jak prezentovany matematicky model tak aplikacni
ptiklad spolu s vyhodnocenim provoznich dat prokazuji chovani systému.
Grafické priib&hy ndm napomahaji pojmout chovani systému a znazornit jej
jesté 1épe. S ohledem na dosazené vysledky je potom pomérné snadné
pracovat s ukazateli bezporuchovosti a pohotovosti systému, pii¢emz
parametr je diskrétni a hovofi o poctu cykli, které systému musi béhem
funkce vykonat.
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